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V I S I B I L I T Y  C O N D I T I O N S  O F  NOCTILUCENT CLOUDS 

V. G .  Fesenkov 

ABSTRACT. The  t r a j e c t o r i e s  of l i g h t  r a y s  i n  p o l a r  co- 
o r d i n a t e s  as w e l l  a s  t h e  cor responding  i n d i c e s  of re- 
f r a c t i o n  and r e f r a c t i o n  ang le s  are c a l c u l a t e d  w i t h  t h e  
h e l p  o f  e lectronic  machines accord ing  t o  t h e  a u t h o r ' s  
formulas .  The r e s u l t s  are g iven  i n  t h e  t a b l e s  pre- 
s e n t i n g  l i g h t  t r a j e c t o r i e s  w i t h i n  t h e  whole i n t e r v a l  
of  a l t i t u d e s  of  t h e  c l o s e s t  approach, namely from 1 0  
t o  6 0  km every 2 km. One can c o n s i d e r  t h a t  t h e  atmos- 
p h e r i c  l a y e r s  w i t h i n  t h e  a l t i t u d e  of 1 0  k m ,  t h a t  i s  
i n  the  r eg ion  of t h e  t roposphere ,  are i n  f a c t  opaque 
t o  the  p a s s i n g  h o r i z o n t a l  r a y s ;  on t h e  o t h e r  hand t h e  
r a y s  pas s ing  a t  t h e  a l t i t u d e  of  more than  40-50 k m  do 
n o t  expe r i ence  a n o t i c e a b l e  r e f r a c t i o n  o r  abso rp t ion .  

The necessa ry  a u x i l i a r y  tab les  f o r  t h e  de t e rmina t ion  /26* 
of t h e  o p t i c a l  systems of t h e  atmosphere i n  r e l a t i o n  t o  t h e  - 
r e f r a c t i o n  of t h e  h o r i z o n t a l  r a y s  which pass  through it, w e r e  
c a l c u l a t e d  accord ing  t o  o u r  formulas w i t h  t h e  a i d  of elec- 
t r o n i c  computers a t  the  U S S R  Astronomical Council  of t h e  
Academy of  Science.  These t a b l e s  show the  l i g h t  r ay  t ra -  
j e c t o r i e s  found i n  t h e  p o l a r  c o o r d i n a t e s  r,(P ( t h e  r ad ius -  
v e c t o r  i s  c a l c u l a t e d  from t h e  c e n t e r  of t h e  E a r t h  and t h e  
ampli tude a n g l e  i s  c a l c u l a t e d  f r o m  t h e  p o i n t  of c l o s e s t  
p roximi ty  t o  t h e  E a r t h ' s  s u r f a c e ) ,  as w e l l  as t h e  corres- 
ponding indexes and ang le s  of  r e f r a c t i o n .  The l i g h t  t ra -  
j e c t o r i e s  are given w i t h i n  the  whole i n t e r v a l  of a l t i t u d e s  
of  t h e  c l o s e s t  proximity,  p a r t i c u l a r l y  from 1 0  km. t o  6 0  km.  
and a t  2 km. i n t e r v a l s  of t h e  parameter  ho. The atmospheric  
l a y e r s  w i t h i n  an a l t i t u d e  of 1 0  km., i . e .  i n  t h e  r eg ion  of 
t h e  t roposphe re ,  can be cons idered ,  i n  e f f e c t ,  as opaque t o  
t h e  p a s s i n g  of h o r i z o n t a l  rays ;  on t h e  o ther  hand, t h e  r a y s  
p a s s i n g  a t  an a l t i t u d e  of more t han  40-50 km.  do n o t  ex- 
p e r i e n c e  a n o t i c e a b l e  r e f r a c t i o n  o r  abso rp t ion .  

A s  w e  know, a t t e n u a t i o n  of  t h e  l i g h t  which f a l l s  o n t o  
n o c t i l u c e n t  c louds  depends on t h e  u s u a l  e x t i n c t i o n  and 
p a r t i a l l y  complete absorp t ion  ( f o r  example, i n  t h e  ozone 
l a y e r )  which they  experience.  I t  a l s o  depends on t h e  
r e f r a c t i o n  d i s p e r s i o n  t h a t  i s  caused by t h e  d ivergence  of 
a p e n c i l  of beams which passes  through t h e  atmosphere a t  
d i f f e r e n t  a l t i t u d e s  h, (see F ig .  1). 

*) Numbers i n  margin indicate pagination of foreign text. 1 
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The r e f r a c t i o n  d i s p e r s i o n  f a c t o r  f ,  which character- 
i z e s  t h e  appa ren t  a t t e n u a t i o n  of  i l l u m i n a t i o n ,  i s  r ep re -  
s e n t e d  by t h e  expres s ion  

d (no ro )  r dho 
= dh,n,r,dh ' , 

where  ro = R + ho (R i s  t h e  r ad ius  o f  t h e  E a r t h ) ;  r i s  t h e  
r ad ius -vec to r  of t h e  examined p o i n t  of t h e  t r a j e c t o r y ,  
w h i l e  r = R + h and no i s  t h e  index  of r e f r a c t i o n  f o r  t h e  
minimal d i s t a n c e  ho of a given t r a j e c t o r y  f r o m  t h e  Earth1S 
s u r f a c e . '  

I t  can be accepted as a g iven ,  t h a t  t h e  l i g h t  r a y s  
undergo r e f r a c t i o n  and are d i s t i n g u i s h e d  by a c e r t a i n  
c u r v a t u r e  up t o  t h e  amplitude angleT1 = 5 O  ( f o r  t h e  i n d i -  
cated l i m i t s  of h o ) ,  t o  w h i c h  t h e  v e c t o r  r l  corresponds,  
and t h a t  the i r  f u r t h e r  ex tens ion  i s  i n  s t r a i g h t  l i n e s .  
I n  t h i s  case, t h e  rad ius-vec tor  r f o r  t h e  a s s igned  ang le  
Gbetween r and t h e  d i r e c t i o n  t o  t h e  sun w i l l  be  

TI sin j1 
sin (5  - ZIieh) ' , r = R $. 12 = 

where cl= 9'0 -'p?_ + R e f r l ,  and Refrl is  t h e  t o t a l  h o r i z o n t a l  
r e f r a c t i o n  f o r  a given t r a j e c t o r y .  

The va lues  of h and f ,  c a l c u l a t e d  accord ing  t o  t h e s e  
formulas ,  are given i n  Table 1 f o r  three d i f f e r e n t  angles  
of 5 . They are chosen i n  such a way t h a t  t h e  range o f  
t h e  a l t i t u d e s  ob ta ined  would i n c l u d e  t h e  a l t i t u d e  a t  which 
t h e  c louds  are encountered.  

The r e s u l t s ,  which are g iven  i n  Table 1, are shown 
g r a p h i c a l l y  i n  F ig .  2 .  

Using Table 1, w e  can pose t h e  problem of de te rmining  
t h e  i l l u m i n a t i o n  c o n d i t i o n s  of a n o c t i l u c e n t  c loud  l a y e r '  , 
which i s  s i t u a t e d  a t  the  a l t i t u d e  ho f o r  r a y s  p a s s i n g  a t  
d i f f e r e n t  minimal a l t i t u d e s  ho ( F i g .  3 ) .  L e t  us a s s i g n  the  
z e n i t h  d i s t a n c e  of t h e  SunSGfor  t h e  p o s i t i o n  of t h e  ob- 
server M s i t u a t e d  on t h e  e a r t h ' s  s u r f a c e  and t h e  parameter  , 
ho, which r e p r e s e n t s  a given l i g h t  t r a j e c t o r y .  I n  t h i s  
case t h e  z e n i t h  

2 t h e  n o c t i l u c e n t  
t u d e  h i s  given 

d i s t a n c e  r of t h e  i l l u m i n a t e d  sector K of  
c l o u d ' s  s u r f a c e  s i t u a t e d  a t  a g iven  a l t i -  
by t h e  express ion  

sin ci 
R '  t g z  = 

. cosa-- R f - h  

2 



where CC =c:o + s2 - 2 R e f r l  - 180° i s  an a n g l e  o r i g i n a t i n g  a t  
t h e  center of the  Ea r th  and contained between t h e  d i r e c t i o n s  
M and X .  The .angle  St contained between t h e  r ad ius -vec to r  r 
and a t angen t  t o  t h e  l i g h t  t r a j e c t o r y  i s  o b t a i n e d  from t h e  ex- 
p r e s s i o n  

. rl  sin c2 = sin L F~ , 

r,. X.M 

" 
i 
; id  

. I :? 
1.: 
16 
18 
20 

i n  which r l  and5; are r e l a t e d  t o  the  a n g l e  of ampli tude 4'% = 5' 
and are de r ived  from t h e  func t ion  of t h e  parameter  ho from o u r  
main a u x i l i a r y  t a b l e s .  The r e s u l t s  of such c a l c u l a t i o n s  are 

Rctr 

I 

10'3(1",12 

534, 16 
359, 45 
251, 33 

744, 13 

203, 04 

g iven  i n  Table  2. 
4 

c 102,IG 
0,5653 105,86 
0,6333 103,17 
0,GOGO 112,134 
0,7741 114,95 

- a 

0,538 
0,611 
O,G72 
0,754 . 

129, 02 
I O $ ,  63 
047, 28 
0 3 4 ,  G3 
025, 43 

0,8476 

018, 83 
013, 89 
010, 31 
0 7, 69 
0 5 ,  78 

117,35 I 0,833 

0 4, 32 
0 3, 30 
0 2, 54 
0 ' 1 ,  93 
0 1, 53 

0,8730 
0,00645 
0,9260 
0,0494 
0,9G34 

TABLE 1 /27 

119,72 
121,99 
124,20 
126,35 
128,48 

< = 980 

0,9730 
0,9791 
0,9850 
0,0895 
0,0925 

0,9941 
0,9960 
0,9970 
0,9980 
0,9994 

h. xm 

67,89 
71,185 
74,19 
76,93 
7 9 , s  
81,85 

84,13 
86,34 
88 , 49 
90,GI 
92,70 

95,77 
0G,83. 
98,75 

100,92 
102,90 

104,98 
107,OO 
109 , 03 
111,05 
113,OS 

130,57 
132,65 
134,72 
136,78 
138,82 

140,872 
142,914 
144,95, 
146 , 93 
149,02 

1 

- 
0,595 
0, GG4 
0,721 . 
0,794 
0,862 

0,8855 
0,0157 
0 , 9374 
0,95/11 
0,9GG5 

0,9753 
0,9822 
0,9865 
0,9898 
0,0928 

0,9949 
0,9063 
0,9978 
0,9385 
0,9994 

.. . . .  

11, ):At 

83,095 
87,491 
30, 647 
93,409 
06,218 
98,568 

100,892 
103,131 
1 03,309 
107,445 
103,551 

111,634 
113,702 
11 5,760 
117,808 
119 , 849 

121,600 
123,922 
125,953 
127,983 
130,013 

~~ 

0,861 . 
0 , 861 
0,915 
0,937 
0,958 

0,968 
0,9775 
0,983 
0,9875 
0,991 

0,9938 ' 

0,0965 
0 , 9978 

0,9995 I 

0,9990 

3 
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h, = 1 0  k m  39 '35 '  
ho = 40 k m  7 5  4 5  

The va lues  of  z a r e  i n d i c a t e d  i n  Fig.  4 .  Shown a long  
t h e  a b s c i s s a  a x i s  are t h e  zen i th  dis tance 's  of t h e  Sun f r o m  
t h e  o b s e r v e r ' s  p o s i t i o n .  

102 .5 '  10 5 O 107.5 '  1 1 0  ' 

7 7 ' 1 5 '  84 '45 '  88 '35 '  91O1.5 '  
84  1 0  88 1 7  9 0  46 9 2 . 5 3  
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Fig.  1. Course of  r a y s  Fig.  2. Calcu la t ed  va lues  of 
i n  atmosphere h and f 

T h e  upper curve r e p r e s e n t s  t h e  v i s i b i l i t y  boundary of t h e  
n o c t i l u c e n t  c louds  whose boundary corresponds t o  t h e  minimal 
a l t i t u d e  of a . l i g h t  r a y  when h, = 1 0  k m . ,  and t h e  lower curve  
r e p r e s e n t s  t h e  boundary of  v i s i b i l i t y  when ho = 40  km.  Occur- 
r i n g  between t h e s e  curves  is t h e  e n t i r e  range of i l l uminance  
of t h e  n o c t i l u c e n t  c louds  which is r e l a t e d  t o  t h e  presence  of 
r e f r a c t i o n  d i s p e r s i o n ,  and e x t i n c t i o n  caused by atmospheric  

- -  aerosol, and complete absorp t ion  by ozone i n  t h e  Shapyui b e l t .  - - -  

A s  can be seen ,  t h e  n o c t i l u c e n t  c louds  could  have been 
observed  a t  a cons ide rab le  a l t i t u d e  above t h e  hor izon  d u r i n g  
t h e  p e r i o d  of b r i g h t  t w i l i g h t .  However, it should  be  no ted  
t h a t  they  cannot  be d i s t i n g u i s h e d  a g a i n s t  t h e  b r i g h t  back- 
ground of t h e  sky. A f t e r  t h e  t w i l i g h t  ends (whengo), 106O) 
t he  upper boundary of i l l u m i n a t i o n  q u i c k l y  hugs t h e  ho r i zon  
and t h e r e f o r e  t h e  Sun i s  i n  such p o s i t i o n s  t h a t  t h e  n o c t i -  
l u c e n t  c louds ,  f o r  a l l  p r a c t i c a l  purposes ,  cannot  be seen .  
Therefore ,  t h e  m o s t  f a v o r a b l e  c o n d i t i o n s  f o r  t h e i r  o b s e r v a t i o n  
f r o m  t h e  e a r t h ' s  s u r f a c e  e x i s t  d u r i n g  a weak t w i l i g h t .  

d .  

-- 4 
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Fig .  3 .  Condit ions of i l lumi-  
n a t i o n  of  a noc t i -  
l u c e n t  c loud l a y e r .  

I t  i s  q u i t e  apparent  t h a t  
‘observe  t h e  n o c t i l u c e n t  clouds 
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Fig .  4 .  Ca lcu la t ed  z e n i t h  dis-  
t a n c e s  of t h e  i l l u -  
minated s e c t o r s  of t h e  
n o c t i l u c e n t  c louds.  

it would be  very  desirable t o @  
f r o m  h igh  mountain p o s i t i o n s ,  

where  t h e  ho r i zon  l i n e  would be cons ide rab ly  lowered and where 
t h e  local p o l l u t i o n  of t h e  l o w e r  a i r  l a y e r s  i s  absen t .  The 
f i l a m e n t a l  s t r u c t u r e  of  t h e  n o c t i l u c e n t  c louds  f ac i l i t a t e s  
t h e  c a l c u l a t i o n  of  t h e  t w i l i g h t  sky background. Usually t h e  
n o c t i l u c e n t  c louds  are observed under c o n d i t i o n s  of  i l l u m i -  
n a t i o n  which are c h a r a c t e r i s t i c  of t h e  t r a n s i t i o n a l  r eg ion  
between ho = 1 0  km. and 40 km. T h i s  r e g i o n  i s  characterized 
by i t s  weak t ransparency  for yellow-green, b u t  n o t  f o r  b l u e  
and extreme r e d  r a y s ,  due t o  t h e  presence  of ozone. Perhaps 
t h i s  can e x p l a i n  the  p e c u l i a r i t i e s  of t h e  n o c t i l u c e n t  c loud 
type .  I t  would be i n t e r e s t i n g  t o  observe  t h e  drop i n  t h e  
b r i g h t n e s s  of these c louds ,  f o r  t h i s  drop would e x p l a i n  t h e  
t r a n s i t i o n a l  zcke f o r  d i f f e r e n t  wavelengths.  

T r a n s l a t e d  for t h e  Nat iona l  Aeronaut ics  and Space Administra- 
t i o n  by t h e  T r a n s l a t i o n  and I n t e r p r e t a t i o n  Div i s ion  of The 
I n s t i t u t e  of Modern Languages, I n c . ,  under Con t rac t  NASw 1693.  
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